Purpose: To use EGSnrc Monte Carlo simulations for magnetic field dosimetry to determine optimal measurement orientations, calculate beam quality conversion factors for 32 cylindrical and three parallel-plate (PP) ion chambers, evaluate the beam quality and angular dependence of these factors, and examine the magnetic field effects on %dd (10) 10 as a function of magnetic field for six photon spectra are studied using DOSXYZnrc. Results: When the magnetic field is perpendicular to the photon beam, orienting the chamber parallel with the magnetic field reduces the magnetic field effect on chamber response (i.e., dose to air per water dose) and variations due to the unknown sensitive volume are essentially eliminated. Calculated k B factors are within 1% of unity for the majority of cylindrical chambers, although larger k B values are associated with chambers with high-Z electrodes. PP chambers have k B corrections as large as 8.9% and have a larger angular sensitivity compared to cylindrical chambers. Values of k B for cylindrical ion chambers are independent of beam quality, except for chambers with high-Z electrodes. For %dd(10) x values between 63.3% and 73.8%, k B varies by at most (0.26 AE 0.15)% when the magnetic field is perpendicular to the photon beam and parallel to the chamber. Differences in %dd (10) x , between no magnetic field and with a 1.5 T field perpendicular to the photon beam are (0.04 AE 0.10)%, (1.89 AE 0.10)%, and (6.20 AE 0.10)% for a 60 Co, 7, and 25 MV photon beam, respectively, while TPR 20 10 shows less than (0.36 AE 0.10)% change. Applying the ICRU-90 recommendations for stopping powers instead of ICRU-37 is found to change k Q (and hence k B ) by less than 0.1%. Conclusions: Orienting the chamber parallel to the magnetic field when the field is perpendicular to the photon beam will minimize the effect of the magnetic field on chamber response, and eliminate the problem of the unknown sensitive volume. Values of k B and k mag Q can bring ion chamber dosimetry in magnetic fields in-line with the TG-51 protocol. PP chamber are sensitive to the magnetic field and variation in chamber response due to small angular changes makes them unlikely candidates for clinical reference dosimetry in magnetic fields. The stability in TPR 20 10 , as a function of magnetic fields and beam qualities, makes it the best beam quality specifier in magnetic fields.
INTRODUCTION
Clinical dosimetry of radiation sources is performed under protocol-defined reference conditions using ion chambers which have absorbed dose-to-water calibration coefficients traceable to national standards. 1, 2 To utilize the chamber in a specific photon beam quality, Q, a beam quality conversion factor, k Q , must be applied to adjust N 60 Co D;w , the absorbed dose-to-water calibration coefficient for a reference cobalt-60 beam. Combining these two quantities with the corrected ion chamber measurement, M, the dose-to-water in the desired beam quality, D Q W , is obtained using 
The k Q factor, which varies for each chamber and beam quality, has been previously determined experimentally and using Monte Carlo (MC). The TG-51 addendum 3 provides MCbased equations, which have been verified with measurement, 4 for k Q for a large number of ion chambers. These equations are given as a function of %dd (10) x , the value of the photon component of the percent depth-dose at 10 cm depth in water.
Magnetic resonance-guided radiation therapy (MRgRT) is an exciting technology which capitalizes on the synergy of an excellent imaging technique with the sophistication of treatment planning and delivery to produce improvements in tumor-tracking and adaptive radiation treatments. [5] [6] [7] [8] Current and developing machines make use of linac or 60 Co beam sources and have a range of magnetic fields strengths which are oriented either parallel or perpendicular to the incoming photon beam. The effect of the magnetic field is felt by the secondary electrons and has been shown to have a notable impact on patient dose distributions, particularly in regions of large density changes. [8] [9] [10] Furthermore, the charge collected per MU in ion chambers has been shown to vary by several percent when making measurements in a magnetic field. 11, 12, 13 The magnitude of the influence on the charge reading depends heavily on the ion chamber, beam quality, and on magnetic field magnitude and orientation with respect to the chamber and the photon beam. 11, [13] [14] [15] Furthermore, measurements in magnetic fields must be performed directly in water or, if plastic phantoms are being used, any air gaps surrounding the chamber must be filled to avoid fluctuation in the chamber reading. Collectively, this has motivated the need to adjust current clinical reference dosimetry protocols to bring dosimetry in magnetic fields in-line with current standards.
To accommodate the presence of the magnetic field, a change to Eq. 1 is required. One approach is to substitute k Q with a magnetic field and quality correction factor, k 
Here k mag Q accounts for the change from the reference conditions of 0 T in a 60 Co beam to the desired magnetic field and beam quality in a single factor. The second approach is to introduce an additional magnetic field correction factor, k B , such that:
k B accounts only for the change in the calibration coefficient due to the magnetic field. This is the approach explored by a few groups for specific chambers, magnetic fields, and beam qualities. 15, 16 A potential advantage of using k B instead of k mag Q is a reduced dependence of the correction factor on beam quality, but a disadvantage is the added complexity in using two correction factors. Overall, these two factors are related by
Similar to the standard method, MC calculates k 
where D w is the dose-to-water in the absence of the ion chamber and D ch is the dose-to-air in the sensitive volume of the ion chamber. Both are determined taking the point of measurement as the central axis of the cylindrical chambers. Similarly k B is calculated as:
which involves the same quantities, but all determined for the beam quality Q and the reference 60 Co beam is not involved. The aim of this work is to evaluate, using the EGSnrc Monte Carlo simulation code, both k B and k mag Q for a variety of chambers (cylindrical and parallel-plate), magnetic field values, and beam qualities. The variation of the ion chamber's reading as a function of orientation in the magnetic field has been shown previously, 15, 17, 18 and, here, k mag Q is evaluated as a function of angle with respect to the magnetic field in order to determine an optimal orientation for magnetic field reference dosimetry. k B and k mag Q are also determined for a few select parallel-plate chambers to evaluate the possible use of these chambers in magnetic fields.
A few additional complications to clinical reference dosimetry in magnetic fields have been highlighted in the literature. O'Brien et al. 15 note variations in the %dd (10) x beam quality specifier due to the presence of the magnetic field and therefore the tissue phantom ratio at 20 and 10 cm, TPR 20 10 , may be the preferred choice as the beam quality specifier in magnetic fields. The dependence of both %dd (10) x and TPR 20 10 on magnetic fields for several beam qualities are explored in this work. Furthermore, the effect of the true sensitive collection volume of the ion chamber has been found to impact the MC determined chamber response, that is, dose to the chamber's air cavity, when a magnetic field is present. 16, 19 Here the variation in k mag Q due to changes in the sensitive volume are looked at, and a resolution of the issue is sought through finding an optimal orientation with respect to the magnetic field. Air gaps surrounding the chamber have been shown to cause several percent change in the chamber response. 13, 14, 20, 21 These changes are notable in plastic phantoms, and the issue is negligible when using a water phantom for ion chamber measurements. In this work, the effect of air gaps will not be considered since it is assumed that a water phantom will be used.
METHODS
The EGSnrc 22 Monte Carlo (MC) code system is used for the simulations. All ion chamber and dose-to-water simulations, related to determining ion chamber correction factors, are performed using the egs_chamber application. 23 The DOSXYZnrc application is used for the %dd(10) x and TPR 20 10 calculations. In both applications, the PRESTA-II 24 algorithm is used, along with all other default code parameters with the exception of using the NIST bremsstrahlung and XCOM photon cross sections. The electron, ECUT, and photon, PCUT, energy cutoff values are set to 521 and 10 keV, respectively. Test simulations with ECUT of 512 keV and PCUT of 1 keV showed no statistically significant variations in the scored doses. True variance reduction techniques, such as photon splitting, photon cross section enhancement, and Russian-Roulette, are employed to improve efficiency. 23 Verification calculations with and without a magnetic field showed no impact of the variance reduction techniques on calculated doses. All simulations are performed using tabulated photon beam spectra from previous publications. [25] [26] [27] [28] The influence of the magnetic field is included in the simulation by using the recently implemented and validated enhanced electric and magnetic field macros. 14 All default values of the full algorithm are used.
2.A. k mag Q
as a function of angle Figure 1 provides the geometric set-up for calculating k Q , k mag Q , and k B . Although only k mag Q will be evaluated in this section, the variations seen in this quantity as a function of angle will directly translate into variation in k B . Each of the quantities in Eq. 2 is evaluated at a depth of 10 cm in a 30 9 30 9 30 cm 3 water phantom. The water dose is determined in a 1 cm radius and 0.025 cm thick water disk. Simulations with a 0.1 cm radius water disk produced no statistically significant variations in the determined correction factors. Photon spectra sources, incoming from the z-direction, are used in all simulations and a field size of 10 9 10 cm 2 at the surface of the water phantom is simulated. The SSD for the 60 Co simulations is set to 100 cm, and it is 133.5 cm for all other energies. The 133.5 cm SSD is chosen based on capabilities of existing 1.5 T MRgRT machines. Changes in SSD do not produce significant differences in the correction factors since correction factors consist of a ratio of a water to chamber doses which are determined at the same SSD.
The ion chamber is positioned initially with the tip pointing along the x-axis. The magnetic field, when it is nonzero, is always directed in the x direction. To evaluate the influence of the ion chamber orientation with respect to the magnetic field on k mag Q , the ion chamber is rotated in the x-y plane. Figure 2 looks at the chamber from the photon beam's eye view. The chamber is rotated counter-clock wise in 10°increments, and k mag Q is determined at each of these orientations. Since the water disk is symmetric, the dose-to-water is evaluated for only one orientation with the magnetic field directed along the x-axis. For 0 T in a 60 Co beam, the dose-to-air in the chamber is determined only for the 0°orientation to save on computation time. Test calculations demonstrated that, as expected, there is no variability in the dose-to-air in the chamber as a function of angle in the absence of the magnetic field. Figure 2 highlights the four cardinal angles since these are the natural positions to perform clinical reference dosimetry in magnetic fields. The chamber would be oriented either parallel (0°or 180°) or perpendicular (90°or 270°) to the magnetic field.
In Fig. 3 each of the cardinal angles from Fig. 2 is assigned to a configuration labelled I-IV. Configuration V is for a system set-up in which the magnetic field is parallel to the incoming photon beam. In each of the panels in Fig. 3 , the direction of the magnetic force on an electron traveling down the page (the direction of the incoming photon beam) is given. The direction of the magnetic field is also shown. It can be seen that for configurations I and III (C-I and C-III), the effect of the magnetic field is to curve the electron along circular cross section of the ion chamber and not along the length of the chamber. Due to the symmetry of the magnetic field's influence at these two orientations, similar k mag Q values are anticipated for C-I and C-III. For configurations C-II and C-IV, the effect of the magnetic field is to either preferentially sweep the electrons toward the tip or the stem of the chamber. Different k mag Q values can be expected between C-II and C-IV because of the different shape at each end and due to a possible insensitive region near the stem. In configuration C-V, the magnetic force on an electron traveling down the page is zero, and therefore the overall effect of the magnetic field is minimal for this configuration, but it is not necessarily completely absent since not all secondary electrons will travel in straight lines and in the same direction. C-V is omitted for this angular study, and is included in this section for completeness.
The chamber models for these calculations are given in the subsequent section and the magnetic and photon field combinations that are used for these calculations are a 60 Co spectrum 25 at 0.35 T and a 7 MV spectrum 28 at 1.5 T (these are chosen based on two existing MRgRT machines). The beam quality specification details for these photon beams are given later (Table II) .
2.B. Cylindrical ion chamber models
The details on the chambers used for the calculations in Section 2.A. are found in Fig. 4 , and additional information is in previous studies. 19, 29 The chambers are the Exradin A1SL, A12S, and A19, the PTW 31006 and 31010, and the NE 2571.
For the k mag Q and k B calculations all chambers previously described by Muir and Rogers 29 are modeled. The only differences between the chambers in Muir and Rogers and the ones simulated here are in the PTW 30010/11/12/13, Exradin A14, T14, A14SL, A16, and the CC01 chambers. For the PTW chambers, blueprints from the manufacturer are used to give more detailed models of the chambers. The basic dimensions of the chambers remain equivalent to those described in Muir and Rogers, but the details of stem region better reflect the true geometry of the chambers. The Exradin chambers mentioned are simulated with an electrode composed of three individual layers of silver, copper, and steel instead of using a homogeneous composition for the entire electrode. The CC01 chamber, uses a slightly thinner electrode which reflects the dimensions provided in the blueprints from the manufacturer. These differences may explain changes in the k Q values obtained in this study when comparing to the TG-51 addendum values. 3 These changes in the chamber model cause at most a 0.42% difference in the no magnetic field k Q value for the PTW 30013, and produce better agreement with experimentally determined k Q factors. 4 Previously, the magnetic field transport code used in this work has been benchmarked via the Fano cavity test and comparison to experimental work. 14, 19 Experimental variables such as beam orientation and the unknown sensitive volume have been noted to cause discrepancies between measurements and Monte Carlo models, particularly at a magnetic field strengths higher than 1 T. 11, 14, 16, 19 By varying the size of the sensitive volume good agreement between ion chamber response as a function of magnetic field was shown in our earlier work 19 except for the PTW 30013 which stood out as 1.8% below the experimental value at 1.5 T, and reducing the sensitive volume by the air volume corresponding to the first 1 mm away from the stem reduced this difference to 1.4%. Recalculating with the updated blueprint-based model used in this work and a 1.5 mm long "dead" volume region reduces the difference between the simulation and experiment to 0.35%. Spindeldreier et al. 16 compared their experimental measurements with EGSnrc simulations (using a different magnetic field code) to show that, by adjusting the size of the sensitive volume used in the simulation, agreement with a root-mean-square deviation of 0.2% and a maximum difference 0.9% could be achieved for the six chambers in their study. Using the updated PTW 30013 model and the same 1.5 mm "dead" volume region, our simulations observe a root-mean-square deviation of 0.2% and a maximum difference of 0.55% between the simulation and experimental response as a function of magnetic field from Spindeldreier et al. for this chamber. Overall, this demonstrates that the unknown sensitive volume introduces a free parameter into these simulations, and differences which could be caused by the chamber model, transport mechanism, and other experimental factors can be masked by varying the size of the sensitive region. These variations in the sensitive volume do not necessary reflect the size and shape of the true collection volume, and experimental measurements are necessary to confirm the correction factor values given in this work and other studies.
2.C. Sensitive volume effects
As mentioned above, when a magnetic field is present the true size of the ion chamber's collection volume plays an important role in the simulated dose-to-air. 16, 19 This is due to the charge collection electric field of the chamber having a fringing effect near the stem and guard electrode, and a portion of "dead" air is formed from which the charge released is not collected. 30, 31 In C-II and C-IV the effect of the sensitive volume is expected to be most noticeable since the influence of the magnetic field curves the electrons along the length of the chamber.
To investigate this effect, the air cavities of the Exradin A1SL and PTW 31010 are segmented into 0.1 mm segments along the length of the chambers, and the dose to each of these regions is determined as a function of distance along the chamber axis. This simulation uses the same geometric set-up described in Section 2.A. A 60 Co photon beam is incident and the magnetic field is set to be either 0 or 1 T. For the 1 T simulation the five configurations from Fig. 3 are simulated. The results are normalized by the average dose to the entire geometric sensitive volume at 0 T.
To evaluate the effect of the sensitive volume on k mag Q , the geometric sensitive volume of each of the six chambers in Section 2.A is segmented into two portions, as shown in Fig. 5 . Section (1) corresponds to the volume of air associated with the first 1 mm of length away from the stem, and section (2) is the remaining geometric sensitive volume. k mag Q is evaluated for each of the chambers using only section (2) as the sensitive volume and at the same magnetic and photon field pairs used in Section 2.A. These k mag Q values are then compared to those obtained when using the entire geometric sensitive volume (regions (1) and (2) combined) which are the calculations described in Section 2.A. The size of the excluded volume is comparable to that determined in other studies. 30, 31 The goal in this work is to determine if there are optimal orientations in which variations in the collection volume do not play a major role in the MC calculated dose-toair in the chamber, and, therefore, the full details of the true collection volume are not as important here.
2.D. Variations in k mag Q
The change in k mag Q due to orientation and sensitive volume changes are evaluated using the results from the sections above. Dk mag Q ðhÞ is defined as
It is the maximum magnitude percent difference between the k mag Q at a given angle, h, and the k mag Q associated with a 10°m isalignment either above (+) or below (-) h. Dk observed at angle h between the simulation using the full geometric sensitive volume, 0 mm, and that with the air volume corresponding to the first 1 mm away from the stem excluded. Both of these quantities are evaluated for the four cardinal angles and for the 60 Co (0.35 T) and 7 MV (1.5 T) cases. for the presence of the magnetic field, a reduced dependence on beam quality is anticipated.
2.E. Beam quality dependence of k
Both k mag Q and k B are evaluated for the Exradin A1SL, A12S, A19, and NE 2571 for four beam qualities. The four beams are the Varian TrueBeam (6 MV, FFF), the Elekta MRgRT (7 MV), and Varian Clinical (6 and 10 MV). The beam quality specifiers for these beams are found below in Table II . It should be noted the 7 MV MRgRT photon is a flattening filter free (FFF) beam, however, the use of a thick aluminum shield hardens the beam and the spectrum appears to be close to a clinical filtered photon beam. The magnetic field, with a magnitude of 1.5 T, is set to be either parallel to the chamber, ‖ ch , or parallel to the incoming photon beam, ‖ ph . The ‖ ch orientation is equivalent to C-I and C-III, and ‖ ph is equivalent to C-V (either in the positive or negative z-direction). This notation is introduced to remove any ambiguity regarding the direction of the magnetic field, and to facilitate the look-up of correction factors.
For a 0.35 T magnetic field, the beam quality dependence of k B is evaluated for the same four chambers in the ‖ ch and ‖ ph orientations. 
2.F. k mag Q
and k B calculations for ion chambers Using the geometry described in Section 2.A, values of k Q , k mag Q , and k B are evaluated for the chambers described in Section 2.B. The reference 60 Co (0 T) simulations are performed at 5 cm depth. The change in k Q when using 10 cm depth for the 60 Co reference conditions is found to be less than 0.2% for the majority of chamber except for; (a) the CC01, which has a 0.47% increase in k Q as compared to using 5 cm depth; and (b)for those chambers with an SPC electrode which caused up to a 0.79% increase. The calculations are performed with the magnetic field parallel to the chamber, ‖ ch , or parallel to the incoming photon beam, ‖ ph . k Q is determined without any magnetic field. The correction factors are determined for a 60 Co beam at 0.35 T and the MRgRT 7 MV photon beam at 1.5 T.
2.G. Impact of the ICRU-90 recommendation on k Q
The ICRU-90 32 report provides a number of recommendations for ionizing radiation dosimetry. These update the recommendations made by the ICRU-37 33 report, and most relevant are the changes to the mean excitation energies (I) for graphite and water. The differences between ICRU-37 and ICRU-90 are given in Table I . In addition, for graphite, for the ICRU-90 simulations the 2.265 g/cm 3 density correction (as per the ICRU-90 tabulated values) rather than the 1.70 g/cm 3 density correction.
The impact of these recommendations is determined by calculating k Q for the 7 MV MRgRT photon spectrum, using the mean excitation energies and density corrections given by either ICRU-37 or ICRU-90 for the NE 2571, PTW 30011, PTW 30013, and Exradin A19 chambers. These chambers are selected because the first three have a graphite wall, the NE 2571 and PTW 30013 have aluminum electrodes, the PTW 30011 has a graphite electrode, and the Exradin A19 has a plastic wall and electrode. The percent difference, Dk ICRU Q , between the correction factors obtained for ICRU-37, k QÀ37 , and ICRU-90, k QÀ90 , is determined using: are simulated for the same conditions as in Section 2.F. Here, the ‖ ch geometry is with the magnetic field perpendicular to the incoming photon beam (i.e., the magnetic field is directed along the x-axis, the photon beam is incoming along the zaxis, and the front window of the parallel-plate chamber faces toward the photon beam). Due to the radial symmetry of the parallel-plate chamber, there is no inherent angular dependence in k mag Q and k B , unlike with the cylindrical ion chambers.
2.I. Beam quality specification
As shown by O'Brien et al., 15 for the MRgRT 7 MV photon beam, changes in the location and magnitude of the maximum dose in a depth-dose curve in a water phantom produces changes in the value of %dd (10) x . Here, the DOSXYZnrc application is used to obtain %dd(10) x and TPR 20 10 as a function of magnetic field for all of the photon beams listed in Table II , with the exception of the Varian TrueBeam spectrum.
The value of %dd (10) x is determined by calculating percent-depth-dose curves in a 30 9 30 9 30 cm 3 water phantom. The photon beams, incoming along the z-axis, have a surface field size of 10 9 10 cm 2 and an SSD of 100 cm. Ten cm of air is simulated on either end of the phantom along the direction of the beam to ensure that any electrons being curved by the magnetic field can return to the water surface. Dose is scored in voxels along the central axis of the beam in a 1 cm wide region along the x-and y-axis and 0.3 cm thick along the z-axis for the first and last 5 cm of the water phantom and 1 cm thick along the z-axis for the central region. 
do not correspond to the over 8% difference in ion chamber response as a function of angle presented by Smit et al. 18 and are in much better agreement with the simulated data presented by O'Brien et al. 15 which showed a roughly 4% change in chamber response between C-I and C-II. The expected difference in k mag Q values mentioned in Section 2.A, when the electrons are bending toward the stem or the tip, is evident when comparing the results of C-II, 90°, and C-IV, 270°. Although at both of these orientations the magnetic field is perpendicular to the incoming photon field and the long axis of the chamber, differences in the geometric regions into which the electrons are swept produce dramatic changes in chamber dose. This is observed for all chambers, and is particularly highlighted for the 60 Co simulations of the Exradin A1SL, Exradin A12S, and the PTW 31006 in which the chamber dose, in comparison to the 0 T results, decreases near the C-II orientation and increases near the C-IV orientation. The C-I, 0°, and C-III, 180°, show a reduced overall effect due to the magnetic field as compared to C-II and C-IV. Furthermore, the values of k mag Q at C-I and C-III show no statistically significant differences in the Monte Carlo simulations since the chambers are cylindrically symmetric. This provides an advantage for ion chamber dosimetry in magnetic fields, as there would be a reduced ambiguity in chamber alignment if C-I and C-III are chosen as the recommended dosimetry orientations. Moreover, if both alignments are used experimentally then any differences found should be investigated and would suggest an asymmetry in the chamber.
The dose-to-water, at 10 cm depth, compared to the 0 T simulation, for the case when the magnetic field is perpendicular to the incoming photon beam changes by (À0.060 AE 0.014)% and (À0.857 AE 0.014)% for the 60 Co (0.35 T) and 7 MV (1.5 T) simulations, respectively. The 7 MV (1.5 T) water dose changes are slightly larger in magnitude than the (À0.5 AE 0.1)% reported by O'Brien et al. 15 . For the case when the magnetic field is parallel to the incoming photon beam the dose-to-water changes by (À0.007 AE 0.014)% and (0.171 AE 0.014)% for the 60 Co (0.35 T) and 7 MV (1.5 T) simulations, respectively. These changes are included in the k mag Q and k B calculations. Figure 7 provides the dose-to-air, normalized to the 0 T air cavity average, in 0.1 mm segments along the length of the Exradin A1SL and PTW 31010. The results are plotted with the start of the geometric sensitive volume near the stem being 0 cm. The results here reflect the anticipated effect of the magnetic field described in Section 2.A. For the C-II simulation, there is an increase in the dose near the tip and a reduction near the stem of the chamber. The reverse effect is seen for the C-IV simulation, where the stem region sees a higher dose than the tip. This means that excluding the first 1 mm of air from the sensitive volume used for the MC calculation would increase the average chamber dose-to-air for . This is consistent with the results seen in Section 3.A. where the C-I and C-III orientations, on the whole, experience a minimal effect due to the magnetic field. Furthermore, this indicates that the C-I and C-III orientations may reduce the importance of having the true sensitive volume in the MC simulation. The C-V simulation produces little difference from the 0 T results since the Lorentz force is fairly minimal for this orientation. For the C-II orientation at 1 T, the larger NE 2571 shows similar results to those of the smaller chambers, with the main difference being a uniform dose region between roughly the first and last 0.7 cm.
3.B. Sensitive volume effects
Values of k mag Q as a function of angle calculated using the entire geometric sensitive volume (0 mm) or with region 1 (as shown in Fig. 5 ) excluded from the MC simulation (1 mm) is given in Fig. 8 . There are evident differences between the k mag Q values calculated using the different volumes and the effect is clearly ion chamber, photon energy, and magnetic field dependent. The largest impact is at 90°a nd 270°, and is most pronounced for the Exradin A1SL and PTW 31010, two of the smaller chambers. The PTW 31006, the smallest chamber by volume, seems to have a relatively smaller variation, apparently due to its reduced chamber radius. The larger volume chambers, Exradin A19 and NE 2571, also show an impact due to the reduced sensitive volume, although to a lesser degree compared to the smaller chambers. On the whole, the 60 Co simulations demonstrate a larger variation on k mag Q as the volume is reduced because at the lower energy, compared to the 7 MV beam, secondary electrons having a tighter radius of curvature in the magnetic field. Additional analysis of the impact of the sensitive volume on the dose-to-air in the sensitive volume at 90°and 270°can be found in our earlier paper. 19 The results at 0°and 180°reflect the results of the simulations presented in Fig. 7 . Due to the fairly uniform dose distribution in the chamber at these angles, a reduction in the sensitive volume does not produce an effect on the dose-toair in the chamber and k mag Q is unaffected as well. This further indicates that the C-I and C-III orientations are optimal for ion chamber dosimetry in magnetic fields. Table III. A 10°misalignment of the chamber is fairly noticeable to the eye, and these results are meant to be used as a guide for dosimetry measurements. Simulations with the PTW 31010 and the Exradin A19 chambers show that the variation in k mag Q due to a 3°misalignment in the x-y plane about the 0°, 90°, 180°, and 270°orientations are less than 0.2% and 0.3% for the 60 Co and 7 MV spectra, respectively. For a 3°m isalignment along the z-axis (i.e., tipping the chamber toward or away from the photon beam), the 0°and 180°ori-entations showed less than 0.2% and 0.4% variation for the Co and 7 MV spectra, respectively, for both chambers, while the 90°and 270°orientations produced differences as large as 1.4% and 1.0% for the 60 Co and 7 MV spectra, respectively. The statistical uncertainty on all of these difference is about 0.14%. These results are in agreement with the findings of Reynolds et al., 17 in which a 3°misalignment in Having demonstrated that the C-I and C-III orientations are ideal for magnetic field dosimetry in the case when the magnetic field is perpendicular to the incoming photon beam, all subsequent results will deal exclusively with this orientation and the notation ‖ ch (i.e., C-I or C-III) is now applied to this alignment. For the case when the magnetic field is parallel with the photon beam, C-V, the notation ‖ ph will be used.
3.C. Variations in k mag Q
As in the case for k Q , k mag Q carries an explicit beam quality dependence since this factor adjusts for both the magnetic field's effects and the change in beam quality from the reference 60 Co. Fig. 9 is a plot of k mag Q and k Q as a function of the 0 T %dd(10) x beam quality specifier. The first point, that is, for the lowest %dd(10) x , is for the Varian TrueBeam 6 MV (FFF) spectrum, and the third point is for the 7 MV MRgRT spectrum. The TG-51 addendum 3 fits to k Q for each of the chambers are also plotted. Excluding the first point in all the graphs, for all of the chambers there is good agreement (<0.2% difference) between the simulated and TG-51 calculated k Q values. The largest deviations are seen for the Exradin A12S chamber, for which the statistical uncertainty of the calculation and the uncertainty on the fit (which is performed over a much larger range of %dd (10) x values) can account for the differences. For the Varian TrueBeam, the maximum percent difference between the TG-51 calculated and the simulated k Q values is 0.30%. This is because the Varian TrueBeam is an FFF spectrum and the TG-51 addendum fits are determined based on flattened spectra. 4 These results are consistent with the variations in calculated and predicted stopping-powers for FFF beams seen by Dalaryd et al. 35 . In the TG-51 addendum, the provided formulas are quoted to be valid up to 0.2% deviation when applied to FFF spectra, but the results in this work indicate that the margin of uncertainty for applying the fit value for FFF beams should be increased to 0.3%.
In these plots, for the Exradin chambers, it can be seen that k mag Q very closely follows the beam quality dependence of k Q . The NE 2571 chamber appears to have an additional beam quality dependence that is separate from that observed in k Q . To extract the beam quality dependence introduced by the magnetic field, k B is calculated using Eq. 6.
Values of k B as a function of %dd (10) x are given in Fig. 10 . The Exradin chambers, the walls and electrode of which are composed of the air-equivalent plastic, C552, appear to carry little beam quality dependence in the k B correction factor. The percent difference between the maximum and minimum k B value, for the ‖ ch orientation, is (0.18 AE 0.15)%, (0.22 AE 0.15)%, (0.25 AE 0.15)%, and (0.26 AE 0.15)% for the Exradin A1SL, Exradin A12S, Exradin A19, and NE 2571, respectively. For the ‖ ph orientation, the percent difference is (0.11 AE 0.15)%, (0.07 AE 0.15)%, (0.19 AE 0.15)%, and (0.64 AE 0.15)% for the same order of chambers. The PTW 31010 and PTW 30013, which also have high-density electrodes, have a respective maximum to minimum percent difference of (0.07 AE 0.15)% and (0.11 AE 0.15)%, for ‖ ch , and (0.32 AE 0.15)% and (0.50 AE 0.15)% , for ‖ ph . The variations seen in this work are similar to those cited by Spindeldreier et al. 16 The k B factor, expectedly, has a reduced beam-quality dependence compared to k mag Q . Chambers with high-density electrodes appear to have a larger beam-quality dependence in the ‖ ph orientation, and application of magnetic field correction factors for these chamber outside of the beam qualities provided in this report is not advised. For chambers with low-density electrodes, the use of k B in combination with k Q may the preferred choice over using the k mag Q factor since the TG-51 addendum functional fits can be used to account for variations in beam quality. Figure 11 provides k B as a function of %dd(10) x for the same four chambers but with a 0.35 T magnetic field. Percent differences between the maximum and minimum values for all the chambers in both the ‖ ph and ‖ ch orientations are less than 0.2% (0.1% uncertainty, k = 1). This demonstrates that k B correction values calculated with a 60 Co beam and a 0.35 T magnetic field are applicable to higher energy accelerator photon beam qualities.
3.E. k mag Q and k B calculations for ion chambers
Values of k mag Q and k B are calculated for a variety of chambers in the ‖ ph and ‖ ch orientations. The calculations performed in this section, as in the other sections, make use of the ICRU-37 33 data for stopping power calculations. By using the ICRU-37 data, a directly comparison of k Q values can be made to the TG-51 addendum values, 3 and, as is shown below, the changes in k Q due to using the ICRU-90 32 recommendation are within the statistical uncertainties in k Q . Table IV contains k Q , k mag Q , and k B values for 60 Co beams at 0.35 T and 7 MV beams at 1.5 T. For all of the chambers, with the exception of the PTW 30010/11/ 12/13, Exradin A14, T14, A14SL and A16, and CC01, there is very good agreement, within the statistical uncertainties, between the simulated k Q values and those obtained from the fitted TG-51 k Q values. The TG-51 fits are used for the PTW 30010/11/12/13, and the fits from Muir and Rogers 29 are applied for the Exradin A14, T14, A14SL and A16, and CC01, since these latter chambers are not recommended to be used for clinical reference dosimetry in the TG-51 addendum. For the PTW 30010/ 11/12/13, for which the MC models are now based on manufacturer provided blueprints, the largest percent difference of (0.38 AE 0.14)% is observed between the TG-51 fit and the simulated k Q for the 7 MV beam (0 T) for the PTW 30013. The simulated k Q values in this work are lower than those provided by the TG-51 fit, and the k Q values for these PTW chambers produce better agreement with the experimental results in Muir et al. 4 The Exradin A14, T14, A14SL, and A16 models, which are made up of layers of steel-copper-silver instead of a homogeneous electrode, produced percent differences as low as (À0.028 AE 0.14)%, for the A15SL, and as large as (À0.40 AE 0.14)%, for the A16. A sample simulation for the A16 with a homogeneous electrode reduced the difference to below 0.2% (with the fit in Muir and Bryan Muir, 2017) produced good agreement with experimentally determined k Q values. The CC01, modeled with a slightly thinner electrode than that used to determine the Muir and Rogers 29 fit, produced a percent difference of (À0.27 AE 0.14)%.
For the 60 Co simulations at 0.35 T, k B correction factors are all within 0.81% and 0.61% of unity for ‖ ch and ‖ ph , respectively. The most notable corrections, that is, >0.5%, are seen for chambers that have a higher Z (aluminum, steel, or steel-copper-silver) electrode, for example, the Exradin A14, Exradin A16, PTW 30013, FC65-P/G, and the NE 2571. For the 7 MV simulations at 1.5 T, the k B correction factor is within 1% of 1.0 for the majority of chambers. Deviations larger than 1% from 1.0 in the k B factor are associated with chambers with higher Z electrodes.
Simulations with the 6 MV FFF Varian TrueBeam at 0.35 T for the recommended reference chambers in the TG-51 addendum (bold chambers in Table IV ) produced k B values, for ‖ ph and ‖ ch , within 0.2% of those for 60 Co at 0.35 T (not shown). The only exceptions to this were the Exradin A1, having a k B for ‖ ch of 1.0008 AE 0.0007 which is a 0.23% deviation from the 60 Co results, and the NE 2571, having a k B for ‖ ph of 0.9972 AE 0.0006 which is a 0.27% change from the 60 Co value. These 6 MV FFF TrueBeam calculations add to the results presented in Fig. 11 , and demonstrate that the k B values listed in Table IV, Co beam, can be applied to higher energy beam qualities. The PTW 30013 k B value at 1.5 T differs from Spindeldreier et al. by about (0.4 AE 0.14)% in the ‖ ch orientation, and by less than (0.24 AE 0.14)% for the 90°and 270°orientations (when accounting for the adjusted sensitive air volume). Table V gives the O'Brien et al. 15 calculated ‖ ch orientation k B values and the percent difference from those calculated in this work. For the Exradin A19, PTW 30013, and PTW 30012 the differences are on the order of half a percent and within a few statistical uncertainties. However, the other chambers produce difference near or above 1%. The differences are unexplained at present, but the close agreement between k Q values calculated in this work and those in the TG-51 addendum provide more confidence in the present EGSnrc values. value are at most 0.05%, for the NE 2571. A larger difference of 0.42% is seen between TG-51 values and k QÀ37 for the PTW 30013. This is attributed to changes in the ion chamber model as noted in Section 3.E.
These results demonstrate that the change in k Q due to the new recommendations are minimal for this beam quality. Although a more detailed study of the effects at different beam-qualities and other chambers is required, these results seem to indicate that no major inaccuracies would be introduced by continuing to use the k B values calculated here with the ICRU Report 37 stopping powers and the TG-51 addendum 3 fits for k Q , which have a fit uncertainty of ≲0.1%.
3.G. k mag Q
and k B for parallel-plate chambers
The TG-51 protocol and the addendum do not recommend the use of parallel-plate chambers for photon-beam reference dosimetry, however, the well-defined point of measurement of these chambers can make them useful for beam quality measurements (i.e., depth-dose curves). In the context of magnetic fields, these chambers are symmetric about their central axis, which eliminates any effects due to rotations about that axis. Due to this symmetry, ‖ ch simply indicates the configuration in which the magnetic field is perpendicular to the incoming photon beam, and the ‖ ph notation is as in the previous section. In Table VII , k Q , k B , and k mag Q are provided for the Markus, Roos, and NACP-02 parallel-plate chambers for 60 Co and 7 MV. Agreement between these k Q values and those obtained using the functional fits provided by Muir et al. 36 is within 0.12%. The effect of the magnetic field is clearly much larger for these chambers, for both photon energies. The ‖ ph k B values are consistently a smaller correction than the ‖ ch values, which are as large as an 8.9% correction for the case of the Roos chamber.
A slight 3∘ tilt of the chambers was simulated with the 7 MV beam at 1.5 T. In the ‖ ph orientation, there was no change in the calculated cavity dose-to-air, but in the ‖ ch orientation the dose varied by as much as (0.28AE0.09)%, (0.44AE0.05)%, and (0.39AE0.07)% for the Markus, Roos, and NACP-02 chambers, respectively. These variations are similar to the variations seen for the cylindrical chambers, but these are produced with much smaller angular changes and demonstrate further uncertainty in using parallel-plate chambers for magnetic field reference dosimetry.
3.H. Beam quality specification
Due to the magnetic field's influence on electron trajectories there can be substantial changes to entry and exit doses near interfaces of materials with very different densities. O'Brien et al. 15 demonstrated that this effect leads to changes in the location and magnitude of the maximum dose in the percent-depth-dose curves (PDDs), and this causes a change in the %dd(10) x beam quality specifier. Since TPR 20 10 is based on the dose at depth in the water phantom, it is expected that this beam quality specifier will not change much due to the presence of the magnetic field.
In Fig. 12 , the central axis percent PDDs can be seen for 60 Co, 7, and 25 MV with a magnetic field perpendicular to the incoming photon beam. The effect of the magnetic field can be seen near the entry and exit surfaces of the water Co is 1 by definition (excluded). Statistical uncertainties (k=1) on all values are ≲0.1%. Results are for a magnetic field either parallel to the photon beam, ‖ ph and perpendicular to the chamber or parallel to the length of the chamber, ‖ ch and perpendicular to the photon beam. Bold chambers are recommended by TG-51 addendum 3 phantom, and are most evident at the higher energies for which the secondary electrons have a larger range of travel and are able to deposit their kinetic energy further along the magnetic field induced trajectory. Interestingly, a secondary 'build-up' region is observed at the end of the phantom for the 25 MV beam with a 2 T field, due to electrons curving back to the water surface. Setting the magnetic field to be parallel with the incoming photon beam did not produce notable changes in the PDDs. The %dd(10) x beam quality specifier is plotted as a function of magnetic field for a variety of beam energies in Fig. 13 . A clear dependence on the magnetic field is seen, and the effect grows with increasing photon beam energy. Between the 0 and 1.5 T, the 60 Co results show no statistically significant differences in %dd(10) x , while for the 7 and 25 MV photon beams there is an absolute decrease in %dd (10) x of (1.89 AE 0.10) % and (6.20 AE 0.10)%, respectively, due primarily to the increase in D max . O'Brien et al. 15 observed a comparable 1.7% decrease in %dd(10) x for the 7 MV MRgRT photon beam. Although it would be possible to produce a functional correction that would correct measured %dd (10) x values for a given magnetic field and photon energy, the nonlinear nature of the effect (especially at high energies) and the beam quality dependence makes this less attractive.
In Fig. 14 (10) x , such as that provided by Kalach and Rogers, 34 should be used to convert to %dd (10) x for use with the TG-51 protocol.
CONCLUSIONS
The presence of the magnetic field presents some challenges to performing ion chamber dosimetry in magnetic fields, but these are not insurmountable. As shown in Eqs. 2 and 3, there are two methods of accounting for the effects of the magnetic field in the framework of the TG-51 protocol. Due to the reduced beam quality dependence in the values of k B , the magnetic field correction factor, it may be optimal to use this factor along with the conventional k Q factor to account for beam quality variation. In this work, both k B and k mag Q have been determined for relevant orientations, beam energies, and magnetic fields, for a large number of chambers. The effect of air gaps is not considered since it is assumed that measurements are performed in a water phantom.
By orienting the chamber to be parallel with the magnetic field, for MRgRT machines which have the magnetic field perpendicular to the incoming photon beam, the effect of the magnetic field on the chamber dose can be reduced and the issue of the unknown sensitive volume mitigated. In this orientation, and for the case when the magnetic field is parallel with the photon beam, the magnetic field correction factor k B was found to be within 1% of unity for most chambers and for both 60 Co at 0.35 T and 7 MV at 1.5 T. Chambers with a larger correction were found to be those that have a high-Z (steel, aluminum, steel-copper-silver) electrode. As in the TG-51 addendum, 3 the SPC electrode chambers are not recommended for dosimetry in magnetic fields, and overall the recommendations of the TG-51 addendum should be followed for chamber selection. Our EGSnrc magnetic field transport code has been shown to agree well with experimental measurements of the ion chamber response as a function of magnetic field when the sensitive volume is adjusted for potential "dead" volume regions. To provide full validation of the correction factors produced in this work and others, experimental measurements are necessary for the orientation in which the magnetic field is parallel to the long axis of the chamber and perpendicular to the incoming photon beam. The ICRU-90 recommended mean excitation energies and density corrections produce changes in k Q , for the 7 MV MRgRT photon spectrum, within 0.1% of the value obtained using the recommendations in ICRU-37. No impact of using the new ICRU-90 values on k B is observed.
The use of parallel-plate chambers for magnetic field dosimetry is also explored, and results show that due to the lack of an orientation which reduces the effect of the magnetic field, as for cylindrical chambers, these chambers suffer from larger k B correction factors in both the ‖ ph and ‖ ch orientations. Furthermore, even a small 3°tilt in the orientation of the PP chambers produced up to a 0.44% change in the k mag Q . This variation can be compared to the cylindrical chambers, which experience a similar change of k mag Q but for a 10°m isalignment. Overall, these results indicate that parallelplate chambers are not well suited for use in magnetic field reference dosimetry.
The effect of the magnetic field on the %dd(10) x beam quality specifier is determined to be on the order of several percent for relevant beam energies. The variation in %dd (10) x is nonlinear and is magnetic field and beam quality dependent. Due to the stability of TPR should be used and appropriate equations applied to convert TPR 20 10 to %dd(10) x as required.
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